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Available online 16 December 2006Diabetic retinopathy is a leading cause of blindness among adults in the
western countries. It has been reported that neurodegeneration may
occur in diabetic retinas, but the mechanisms underlying retinal cell
death are poorly understood. We found that high glucose increased the
number of cells with condensed nuclei and the number of TUNEL-
positive cells, and caused an increase in the translocation of
phosphatidylserine to the outer leaflet of the plasma membrane,
indicating that high glucose induces apoptosis in cultured retinal neural
cells. The activity of caspases did not increase in high glucose-treated
cells, but apoptosis-inducing factor (AIF) levels decreased in the
mitochondria and increased in the nucleus, indicating a translocation
to the nucleus where it may cause DNA fragmentation. These results
demonstrate that elevated glucose induces apoptosis in cultured retinal
neural cells. The increase in apoptosis is not dependent on caspase
activation, but is mediated through AIF release from the mitochondria.
© 2007 Elsevier Inc. All rights reserved.
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Introduction
Diabetic retinopathy (DR) is a leading cause of blindness
among adults in the western countries. This disease is usually
considered a vascular disease, but several evidences have
demonstrated that retinal neurodegeneration may also occur. The
vascular features of DR are well documented, and include
basement membrane thickening, the formation of microaneurysms,
and loss of pericytes and endothelial cells (Cai and Boulton, 2002).
Loss of color and contrast sensitivity, and alterations in the
electroretinograms of human patients with diabetes (Sakai et al.,⁎ Corresponding author. Center of Ophthalmology of Coimbra, IBILI,
Celas, 3000-548 Coimbra, Portugal. Fax: + 351 239 480 280.
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doi:10.1016/j.nbd.2006.10.0231995) are early signs of retinal neural dysfunction. Apoptosis of
retinal neurons and retinal thinning have been noted histologically
in diabetes (Barber et al., 1998; Martin et al., 2004; Barber et al.,
2005), and an increase in caspase activation was already
demonstrated (Mohr et al., 2002; Krady et al., 2005). However,
despite several evidences showing retinal neurodegeneration, the
mechanisms underlying the loss of retinal neurons during diabetes
are not well elucidated yet.
Apoptosis, or programmed cell death, occurs as a physiological
phenomenon during normal embryonic development and in the cell
turnover throughout life. However, apoptosis has also been
implicated in several neurodegenerative diseases. Caspases are
cysteine proteases that mediate apoptotic cell death in a variety of
cells, including neurons. Caspases can be activated through extrinsic
or intrinsic pathways. The latter requires the release of cytochrome c
from mitochondria, which recruits Apaf-1 and procaspase-9,
forming the apoptosome. As a consequence, caspase-9 is activated
and subsequently other caspases, including caspase-3, are activated
(Zou et al., 1997). This activation of caspases contributes to cell
death through the degradation of DNA repair enzymes and structural
elements such as cytoskeleton, and also leads to activation of
chromosomal endonucleases.
There is no doubt that caspases play a central role in many
apoptotic mechanisms. However, increasing evidences indicate that
apoptotic features can also be found in cells where caspase activation
is not detected or where caspase inhibitors have been employed
(Leifer et al., 1991; Lavoie et al., 1998; Okuno et al., 1998; Borner
and Monney, 1999). In this form of cell death, in which cell death is
not mediated by caspase activation, two endonucleases, apoptosis-
inducing factor (AIF) and endonuclease G, are proposed to
translocate from the mitochondrial intermembrane space to the
nucleus, where they are involved in DNA fragmentation and
chromatin condensation (Susin et al., 1999; Li et al., 2001). In the
absence of apoptotic signals, AIF, a 57-kDa protein, is usually
confined to the mitochondrial intermembrane space (Lorenzo et al.,
1999; Susin et al., 1999; Daugas et al., 2000). However, when
apoptosis is induced it translocates to the nucleus, causing peripheral
465A.R. Santiago et al. / Neurobiology of Disease 25 (2007) 464–472chromatin condensation and large-scale DNA fragmentation (Susin
et al., 1999).
A sustained increase in intracellular calcium concentration
([Ca2+]i) is known to cause cell dysfunction and cell death
(Duchen, 2000). Since we previously found that in high glucose-
treated cells calcium homeostasis is deregulated (Santiago et al.,
2006a), which may contribute for retinal neural cell degeneration,
the purpose of this study was to investigate whether elevated
glucose causes cell death in retinal neural cells. The identification
of the mechanisms underlying retinal neurodegeneration under
high glucose conditions was also addressed.
Our experiments revealed that high glucose induces apoptotic
cell death by a caspase-independent mechanism, mediated by AIF
mito-nuclear translocation.
Materials and methods
Materials
Fetal bovine serum was purchased from Biochrom (Cambridge,
UK). Trypsin (USP grade) was purchased from Gibco (GIBCO
BRL, Life Technologies, Scotland, UK). Z-DEVD-AFC was
purchased from Calbiochem (Darmstadt, Germany). Hoechst
33342 dye was obtained from Molecular Probes (Eugene, OR,
USA). The rabbit caspase-3 antibody was from Cell Signaling
Technology (Danvers, MA, USA), the mouse monoclonal antibody
anti-AIF was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA), the rabbit anti-MAP2 antibody and the mouse anti-Lamin B
antibodies were obtained fromChemicon (Temecula, CA, USA), the
mouse monoclonal antibody anti-α-tubulin was from Sigma-Aldrich
(St. Louis, MO, USA). The polyvinylidene difluoride (PVDF)
membranes, the alkaline phosphatase-linked anti-mouse secondary
antibody and the enhanced chemifluorescence (ECF) reagent were
obtained from GE Healthcare (Buckinghamshire, UK). Other
reagents used in immunoblotting experiments were purchased from
Bio-Rad (Hercules, CA, USA). All other reagents were from Sigma-
Aldrich or from Merck KGaA (Darmstadt, Germany).
Primary cultures of rat retinal neural cells
All procedures involving animals were conducted in accordance
with the Association for Research in Vision and Ophthalmology
(ARVO) statement for the use of animals in ophthalmic and vision
research. Retinal cell cultures were prepared as previously described
(Santiago et al., 2006b). Briefly, 3- to 5-day-oldWistar rat pups were
anesthetized by intraperitoneal injection of ketamine (0.05 ml of a
100 mg/ml solution) before decapitation, and the retinas were
dissected under sterile conditions, using a light microscope, in Ca2+-
and Mg2+-free Hank's balanced salt solution (in mM: 137 NaCl, 5.4
KCl, 0.45 KH2PO4, 0.34 Na2HPO4, 4 NaHCO3, 5 glucose; pH 7.4).
The retinas were digested with 0.05% trypsin (w/v) for 15 min at
37 °C. After dissociation, the cells were pelleted by centrifugation
and resuspended in Eagle's minimum essential medium (MEM)
supplemented with 26 mM NaHCO3, 25 mM HEPES, 10% heat-
inactivated fetal bovine serum, penicillin (100 U/ml) and strepto-
mycin (100 μg/ml). The cells were plated at a density of
2.0×106 cells/cm2 on 24-well plates for MTT viability assay, on
35 mm Petri dishes for measuring the intracellular ATP levels, on
60 mm Petri dishes for caspase-3-like enzymes activity and Western
blot analysis, and on glass coverslips for Hoechst staining, annexin
V staining, TUNEL staining, FAM-VAD-FMK staining andimmunocytochemistry, all coated with poly-D-lysine (0.1 mg/ml).
The cells were maintained at 37 °C in a humidified atmosphere of
5% CO2/air. After 2 days in culture, the cells were incubated with
25 mM D-glucose (yielding a total 30 mM glucose) or with 25 mM
D-mannitol (plus 5 mM glucose), which was used as an osmotic
control, and maintained for further 7 days. The concentration of
glucose in control conditions was 5 mM.
Determination of extracellular glucose concentration
The concentration of glucose in the culture medium, 7 days
after incubation with high glucose or mannitol, was determined
using a colorimetric kit (BioSystems; Barcelona, Spain) following
the manufacturer's instructions. The medium was collected from
control, high glucose- and mannitol-treated cell cultures.
Assessment of cell viability
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was used for the assessment of cell viability.
MTT, when taken up by living cells, is converted from a yellow- to a
water-insoluble blue-colored precipitate by cellular dehydrogenases
(Mosmann, 1983). Briefly, cells were washed with saline buffer (in
mM: 132 NaCl, 4 KCl, 1.4MgCl2, 1.4 CaCl2, 6 glucose, 10 HEPES;
pH 7.4), and then saline buffer with MTT (0.5 mg/ml) was added to
the cultures and incubated for 1 h at 37 °C in the incubation chamber.
The precipitated dye was dissolved in 0.04 M HCl in isopropanol
and quantitated colorimetrically (absorbance at 570 nm). All
experiments were carried out in triplicate.
Determination of ATP levels
Intracellular ATP levels were determined by reverse-phase
HPLC, after cell extraction, as described previously (Stocchi et al.,
1985). Cells were lysed in 0.3 M perchloric acid and then collected.
Extraction was followed by centrifugation at 15800×g for 5 min, at
4 °C. The pellet was solubilized in 0.1 M NaOH for total protein
analysis by the Bradford/Bio-Rad method. The supernatant was
neutralized with 3.3 M KOH in 1.67 M Tris and centrifuged at
15800×g for 10 min. The potassium perchlorate precipitate was
discarded and the resulting supernatants were stored at −80 °C. ATP
content was determined by reverse-phase HPLC using a Beckman
System Gold, consisting of a binary pump (126 Binary Pump
Model) with a 166 Variable UV detector, computer-controlled. A
Lichrospher 100 Rp-18 (5 μm) and guard column (Merck) were
used. The mobile phase (100 mM KH2PO4, 1% methanol; pH 6.0)
was used at a flow rate of 1.1 ml/min. Absorbance was monitored at
254 nm. Peak identity was determined by comparison with the
retention time of standards. The amount of ATPwas determined by a
concentration standard curve, and ATP content values were
normalized according to the protein concentration for each sample.
Nuclear morphology assay
The morphology of nuclei was analysed by fluorescence
microscopy using Hoechst 33342 dye. Cells were gently washed
in phosphate-buffered saline (PBS; in mM: 137 NaCl, 2.7 KCl, 10
Na2HPO4, 1.8 KH2PO4; pH 7.4) and fixed in 4% paraformaldehyde
for 30min at room temperature. Cells were then incubated with 2 μg/
ml Hoechst 33342 in PBS for 5 min. Cells were rinsed and mounted
using fluorescent mounting medium (Dako; Glostrup, Denmark).
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ted and condensed chromatin was scored using a Zeiss Axioshop 2
Plus microscope. For each preparation, 5–7 random fields were
counted.
Terminal transferase dUTP nick end labeling (TUNEL) staining
TUNEL was performed in cultured retinal neural cells with
horseradish peroxidase detection (TUNEL–HRP), following the
instructions provided by the manufacturer (Promega). Cells were
washed in PBS and fixed in 4% paraformaldehyde for 30 min at
room temperature. After washing, the cells were permeabilized with
0.2% Triton X-100 in PBS for 5 min. The cells were rinsed and
incubated with the biotinylated nucleotides and the enzyme
Terminal deoxynucleotidyl Transferase (TdT) for 1 h at 37 °C.
Cells were rinsed to remove unincorporated nucleotides and
endogenous peroxidases were blocked with 0.3% hydrogen
peroxide for 5 min at room temperature. Cells were then incubated
with HRP-labeled streptavidin for 30 min. The HRP was reacted
with 3,3′-diaminobenzidine tetrahydrochloride and hydrogen per-
oxide to develop a brown precipitate that was easily observed in cell
cultures. Cells were then washed several times with deionized
water, air-dried for 24 h and mounted with Entellan (Merck). The
preparations were visualized using a Zeiss Axiovert 200 micro-
scope, and at least 15 random fields were counted in each
preparation. Images were acquired with a photomicrograph system
(Cool Snap HQ digital camera; Roper Scientific, Tucson, AZ,
USA).
Annexin V staining
Annexin V binds with high affinity to phosphatidylserine (PS),
which becomes exposed on the outer leaflet of the plasmamembrane
during apoptosis. Annexin V staining was performed with a kit from
BD Biosciences Clontech (San Jose, CA, USA) following the
instructions provided by the manufacturer. Briefly, cells were rinsed
and then incubated with Annexin V-FITC (20 μg/ml in Tris–NaCl)
for 10 min in the dark at room temperature. Cells were washed and
mounted on a glass slide. The preparations were visualized with a
Zeiss Axioshop 2 Plus microscope, and for each preparation, at least
5 random fields were counted.
Caspase-3-like enzymes activity assessment
Caspase-3 activity was measured in retinal neural cell cultures
using Z-Asp-Glu-Val-Asp-AFC (Z-DEVD-AFC), a cell-permeant
substrate for caspase-3, which causes a shift in fluorescence upon
cleavage of the AFC fluorophore.
The cells were washed and then lysed at 4 °C in 50 mM KCl,
50 mM PIPES, 10 mM EGTA, 2 mM MgCl2, 0.5% Triton X-100,
supplemented with 100 μM phenylmethylsulfonyl fluoride
(PMSF), 1 mM dithiothreitol (DTT), 1 μg/ml chymostatin, 1 μg/
ml leupeptin, 1 μg/ml antiparin, 1 μg/ml pepstatin A, pH 7.4, at
4 °C. Retinal neural cell lysates were frozen three times in liquid
nitrogen, and centrifuged at 15800×g for 10 min at 4 °C. The
supernatant was collected and the protein concentration was
determined by the Bradford/Bio-Rad method. To measure caspase
activity, 20 μg of protein were incubated with 100 μM DEVD-AFC
in reaction buffer (25 mM HEPES, 0.1% (w/v) 3-[(3-cholamido-
propyl) dimethylammonio]-1-propane-sulfonate (CHAPS), 10 mM
DTT, 100 μMPMSF) for 30 min at 37 °C. The reaction was stoppedwith ice-cold reaction buffer. The fluorescence wasmonitored with a
Spex Fluoromax spectrofluorometer, with excitation at 420 nm and
emission at 505 nm with a band pass of 5 nm. Caspase-3-like
enzymes activity was expressed as the percentage of the control for
equal protein loading.
Poly-caspase activation detection with fluorochrome-labeled
inhibitors of caspases (FLICA)
Activation of caspases was detected with FAM-VAD-FMK,
which is a carboxyfluorescein (FAM) derivative of valylalanylas-
partic acid (VAD) fluoromethyl ketone (FMK), a potent inhibitor of
caspase activity. Because FAM-VAD-FMK irreversibly binds to
several activated caspases (caspase-1, -3, -4, -5, -6, -7, -8 and -9), it
can be used as a generic probe for the detection of most caspases
(Grabarek and Darzynkiewicz, 2002).
Activated caspases were detected with a kit from Immunochem-
istry Technologies, LCC (Bloomington,MN,USA), according to the
instructions provided. Briefly, cells were incubated with FAM-VAD-
FMK for 1 h at 37 °C in the dark. Cells were washed, stained with
Hoechst 33342 dye (2 μg/ml) for 5 min and then mounted on a glass
slide. Cells with active caspases were visualized in a fluorescent
Zeiss Axioshop 2 Plus microscope, and for each preparation, 5 to 8
random fields were counted.
Preparation of mitochondrial, cytosolic and nuclear fractions
Cells were washed in ice-cold sucrose buffer, containing (in mM)
250 sucrose, 20 HEPES/KOH (pH 7.4), 1 EGTA, and 1 EDTA. Cell
extracts were obtained in ice-cold sucrose buffer supplemented with
1 mMDTT, 100 μMPMSF, 1 μg/ml chymostatin, 1 μg/ml leupeptin,
1 μg/ml antiparin, and 1 μg/ml pepstatin A. Lysates were
homogenized and centrifuged (4 °C) at 500×g for 12 min to pelletize
the nucleus and cell debris. The supernatant (total fraction) was
further centrifuged at 12000×g for 20 min. The resulting pellet
(mitochondrial fraction) was resuspended in supplemented sucrose
buffer and the samples were stored at −80 °C until use. Trichloro-
acetic acid (15%) was added to the supernatant and centrifuged at
15800×g for 10 min. The resulting pellet (cytosolic fraction) was
resuspended in supplemented sucrose buffer and brought to pH 7
with KOH. The samples were stored at −80 °C until use.
Preparation of nuclear extracts was carried out as described
previously (Levrand et al., 2005), with some modifications, as
follows. Cells were washed in ice-cold PBS and cell extracts were
obtained with buffer A (10 mM HEPES (pH 7.9), 10 mM KCl,
0.1 mM EDTA) supplemented with 1 mM DTT and 0.4% Nonidet
P-40. The lysates were placed on ice for 30 min and then
centrifuged at 15800×g for 5 min at 4 °C. The pellet was
resuspended in buffer B (20 mM HEPES (pH 7.9), 400 mM NaCl,
1 mM EDTA) supplemented with 1 mM DTT and 10% glycerol,
and incubated for 60 min on ice. Then, the samples were sonicated
and centrifuged at 15800×g for 5 min at 4 °C. The supernatant
containing the nuclear fraction was collected, and then stored at
−80 °C until use.
Western blot analysis
Protein concentration was determined by the Bradford/Bio-Rad
method, and equivalent amounts of protein (50 μg for caspase-3
detection from cytosolic fraction; and 40 μg or 15 μg for AIF
detection from mitochondrial fraction or nuclear fraction, respec-
Fig. 1. Elevated glucose decreases cell viability. Rat primary retinal neural
cell cultures were incubated in 5 mM glucose (Control), 30 mM glucose
(Glucose) or 25 mM mannitol (Mannitol) for 7 days. The results represent
the mean±SEM of at least 14 independent experiments performed in
triplicate, and are presented as percentage of control. **p<0.01, significantly
different from control; one-way ANOVA followed by Dunnett's post-hoc
test.
Fig. 2. Elevated glucose does not change intracellular ATP levels. Rat
primary retinal neural cell cultures were incubated in 5 mM glucose
(Control), 30 mM glucose (Glucose) or 25 mM mannitol (Mannitol) for
7 days. The results are presented as the mean±SEM of five independent
experiments.
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concentrated sample buffer (0.5 M Tris, 30% glycerol, 10% SDS,
0.6 M DTT, 0.012% bromophenol blue) and heating the samples
for 5 min at 95 °C. Proteins were separated on 7.5–12% sodium
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–
PAGE), and transferred electrophoretically to PVDF membranes.
The membranes were blocked for 1 h at room temperature, in Tris-
buffered saline (in mM: 137 NaCl, 20 Tris–HCl; pH 7.6)
containing 0.1% Tween-20 (TBS-T) and 5% skimmed milk. The
membranes were incubated with the antibodies directed against the
denatured form of caspase-3 (1:1000) or AIF (1:1000), overnight at
4 °C. To control for protein loading, the membranes were probed
with a mouse anti-α-tubulin (1:3 000) or with a mouse anti-lamin B
(1:60).
After washing for 1 h in TBS-T with 0.5% skimmed milk, the
membranes were incubated for 1 h at room temperature with an
alkaline phosphatase-linked secondary antibody (anti-mouse IgG,
1:20,000 in TBS-T with 1% skimmed milk). The membranes were
processed for detection of AIF using the ECF system on the Versa
Doc Imaging System and the quantification was performed using
Quantity One software (Bio-Rad).
Immunocytochemistry
Cells were washed twice with PBS and fixed with 4%
paraformaldehyde with 4% sucrose for 10 min at room
temperature. Cells were rinsed twice in PBS and then permeabi-
lized with 1% Triton X-100 in PBS for 5 min. After blocking for
1 h with 3% BSA plus 0.2% Tween 20 in PBS, cells were
incubated with the primary antibody (anti-MAP2, 1:500 and/or
anti-AIF, 1:100) for 90 min. Cells were rinsed three times with the
blocking solution and incubated with Alexa 488-conjugated
secondary antibody (goat anti-mouse IgG, 1:200) and/or Alexa
594-conjugated secondary antibody (goat anti-rabbit IgG, 1:200).
The nuclei were stained with 2 μg/ml Hoechst 33342 in PBS for
5 min. The preparations labeled with anti-MAP2 and anti-AIF
antibodies were visualized with a Bio-Rad MRC 600 confocal
microscope, and the preparations labeled only with anti-AIF
antibody and stained with Hoechst 33342 were visualized with a
Leica DM IRE2 epifluorescent microscope.Data analysis
Data are expressed as means±SEM. Statistical significance was
determined by analysis of variance (ANOVA), followed by
Dunnett's post-hoc test.
Results
Elevated glucose concentration decreases retinal neural cell
viability
Retinal neural cells were exposed to 30 mM glucose or 25 mM
mannitol (plus 5 mM glucose) and cultured for 7 days in these
conditions. In control cultures, initial glucose concentration was
5 mM. The concentration of glucose in the extracellular medium
after 7 days was 2.6±0.6 mM, 27.9±0.5 mM and 2.9±0.6 mM in
control, high glucose- and mannitol-treated cells, respectively.
The exposure of retinal neural cells to 30 mM glucose for 7 days
caused a significant decrease in cell viability, as assessed by the
MTT assay (Fig. 1). In high glucose-treated cells there was a
decrease in MTT reduction to 91.7±0.6% of the control. The
exposure to mannitol, which was used as osmotic control, did not
cause a significant decrease in MTT reduction (99.6±0.9% of the
control).
Depletion in ATP levels is usually associated with cell death by
necrosis. Intracellular ATP levels were determined in cell extracts by
HPLC. There were no significant changes in the levels of
intracellular ATP in the three conditions (Fig. 2). In control cells,
ATP levels were 57.1±2.6 nmol/mg protein and in high glucose- and
mannitol-treated cells ATP levels were 53.7±4.9 nmol/mg protein
and 54.3±6.8 nmol/mg protein, respectively.
Elevated glucose causes cell death in retinal neural cells
To evaluate whether a decrease in cell viability, as assessed by the
MTT method, was related with an increase in cell death, we
examined nuclear morphology of cultured retinal neural cells using
the Hoechst 33342 dye that allows the assessment of chromatin
alterations (Fig. 3). In control cells the percentage of apoptotic cells,
with condensed and/or fragmented chromatin, was 3.2±0.5%. In
high glucose-treated cells there was a significant increase of
apoptotic cells (7.9±1.2%). This effect was not due to the increase
in osmolarity, since incubation with mannitol resulted in a similar
Fig. 3. Elevated glucose increases the number of cells with condensed and/or
fragmented chromatin. Rat primary retinal neural cell cultures were
incubated in 5 mM glucose (Control), 30 mM glucose (Glucose) or
25 mM mannitol (Mannitol) for 7 days. The results represent the mean±
SEM of at least three independent experiments, and are expressed as the
percentage of total cells. **p<0.01, significantly different from control; one-
way ANOVA followed by Dunnett's post-hoc test.
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compared to the control (3.1±0.8% of apoptotic cells).
We also measured nuclear DNA fragmentation, an important
feature of apoptosis, by using the TUNEL assay (Fig. 4). In control
conditions, 5.3±0.7 TUNEL-positive cells/field were counted, and
this value increased to 10.8±1.2 TUNEL-positive cells/field when
cells were exposed to high glucose, corresponding to 202.8±34.4%
relatively to the control. In mannitol-treated cells the number of
positive cells was similar to the control (4.7±0.7 TUNEL-positive
cells/field).
The exposure of the phospholipid phosphatidylserine (PS) on the
outer leaflet of the plasma membrane occurs in cells undergoingFig. 4. Elevated glucose increases TUNEL-positive cells. Rat primary retinal neur
(Glucose) or 25 mMmannitol (Mannitol) for 7 days. Cells were labeled by the TUN
experiments, and are expressed as the number of TUNEL-positive cells per field. Pic
different from control; one-way ANOVA followed by Dunnett's post-hoc test. Baapoptosis (Vermes et al., 2000). Because the anticoagulant protein
annexin V binds with high affinity to PS, the fluorochrome-tagged
annexin V is frequently used as a marker of apoptosis (Vermes et al.,
2000). In control cells, 7.0±0.6 cells/field were annexin V-positive.
Incubation with 30 mM glucose for 7 days significantly increased
the number of annexin V-positive cells (10.5±1.2 cells/field), which
represents an increase of 149.7±16.7% of the control. Mannitol did
not change the number of annexin V-positive cells, as compared to
the control (5.6±0.4 cells/field), indicating that these changes were
not due to increases in osmolarity (Fig. 5).
High glucose-induced cell death is independent of caspase
activation
Since an increase in cell death could be due to an increase in
caspase activity, we investigated whether elevated glucose caused an
increase in caspase-3-like enzymes activity. As shown in Fig. 6A,
there were no significant changes in the activity of caspase-3 among
the conditions tested (99.3±5.6% of the control, in high glucose-
treated cells). In addition, we also determined whether other
caspases were being activated by elevated glucose concentration
exposure. FAM-VAD-FMK, a fluorescent inhibitor of caspase-1, -3,
-4, -5, -6, -7, -8 and -9, irreversibly binds to activated caspases.
Using this probe, cells with active caspases were visualized under a
fluorescent microscope (Fig. 6B). In control cells, 13.3±2.9 cells/
field had active caspases, and the exposure of cells to high glucose
did not cause significant changes compared to the control (12.1±
2.6 positive cells/field), showing that elevated glucose did not
induce caspase activation. In mannitol-treated cells the number of
FAM-VAD-FMK-positive cells was similar to the control (12.1±
1.1 cells). In the presence of staurosporine (90 nM, 3 h), used as a
positive control of caspase activation (Lopez and Ferrer, 2000), bothal cell cultures were incubated in 5 mM glucose (Control), 30 mM glucose
EL assay. The results represent the mean±SEM of at least three independent
tures in A are representative of each condition tested. **p<0.01, significantly
r: 20 μm.
Fig. 5. Elevated glucose enhances phosphatidylserine translocation to the
outer leaflet of plasma membrane. Rat primary retinal neural cell cultures
were incubated in 5 mM glucose (Control), 30 mM glucose (Glucose) or
25 mM mannitol (Mannitol) for 7 days. The results represent the mean±
SEM of at least six independent experiments, and are expressed as the
number of annexin V-positive cells per field. *p<0.05, significantly different
from control; one-way ANOVA followed by Dunnett's post-hoc test.
Fig. 6. Elevated glucose does not cause caspase activation. Rat primary
retinal neural cell cultures were incubated in 5mMglucose (Control), 30 mM
glucose (Glucose) or 25 mMmannitol (Mannitol) for 7 days. (A) The activity
of caspase-3-like enzymes does not increase in high glucose-treated cells.
Caspase-3-like enzymes activity was determined with Z-DEVD-AFC, a
fluorescent substrate for caspase-3-like enzymes. The results represent the
mean±SEM of at least eight independent experiments and are expressed as
percentage of control. (B) The number of cells with active caspase-1, -3, -4,
-5, -6, -7, -8 and -9 did not change with elevated glucose levels. Cells were
incubated with FAM-VAD-FMK. The results represent the mean±SEM of at
least six independent experiments, and are expressed as the number of FAM-
VAD-FMK-positive cells per field. (C) The large fragment of caspase-3
(17 kDa), resulting from proteolytic cleavage of pro-caspase-3, was not
detected by Western blot analysis. Staurosporine (STS; 90 mM) was used as
positive control for caspase activation.
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positive cells were increased (Figs. 6A and B). Also, byWestern blot
analysis we did not detect the large fragment of caspase-3 (17 kDa)
resulting from proteolytic cleavage of pro-caspase-3 (Fig. 6C),
confirming the previous results.
To further understand the mechanism by which elevated
glucose caused an increase in the number of apoptotic cells,
without inducing caspase activation, we checked whether apopto-
sis-inducing factor (AIF) could be involved. By Western blot
analysis we found that the protein levels of mitochondrial AIF
significantly decreased in high glucose-treated cells (75.9±3.9% of
the control; Fig. 7A). Concomitantly, in the nuclear fraction, AIF
was increased in high glucose-treated cells (136.1±15.3% of the
control) compared to the control (Fig. 7B). In mannitol-treated
cells there were no changes, comparing to the control. By
immunocytochemistry, we observed that in control conditions
AIF was mainly found in the perinuclear region, and the
immunoreactivity of AIF increased in the nuclei of high glucose-
treated cells (Fig. 7C), confirming the results obtained by Western
blotting.
Discussion
In this study, we demonstrate for the first time that elevated
glucose concentration causes caspase-independent cell death in
cultured retinal neural cells.
Since hyperglycemia is considered the primary pathogenic factor
in the development of DR, we used an in vitro model to mimic
hyperglycemic conditions occurring in diabetes. Although usually
considered a vascular disease, cumulative evidences show that DR
presents characteristics of neurodegenerative diseases. Several
reports show that retinal neurons undergo apoptosis upon diabetes
(Abu-El-Asrar et al., 2004; Martin et al., 2004; Barber et al., 2005),
which may be triggered by caspase-3 activation (Mohr et al., 2002).
There are few reports showing the involvement of caspase-
independent cell death in the retina, but they are not related with
DR (Hisatomi et al., 2001; Tezel and Yang, 2004; Zanna et al.,
2005). Our results are the first reporting the involvement of caspase-
independent apoptosis in an in vitro model of DR.Under the present experimental conditions, we found that
elevated glucose concentration decreases cell viability, without
changes in the intracellular levels of ATP. These results suggest that
necrosis is not involved, since there are evidences that cells are forced
Fig. 7. Elevated glucose triggers AIF translocation from the mitochondria to the nucleus. Rat primary retinal neural cell cultures were incubated in 5 mM glucose
(Control), 30 mM glucose (Glucose) or 25 mMmannitol (Mannitol) for seven days. Mitochondrial (A) and nuclear (B) extracts of cultured retinal neural cells were
assayed for AIF. Representative Western blots are presented above the graphs. The densitometry of each band was analyzed and the results are expressed as
percentage of control±SEM of at least three independent experiments. Representative Western blots for AIF, α-tubulin and lamin B are shown. (C) Subcellular
localization of AIF was analyzed by immunocytochemistry using an antibody against AIF (green), the nuclear marker Hoechst 33342 (blue) and MAP2 (red).
Arrows indicate the presence ofAIF in the nucleus. *p<0.05, **p<0.01, significantly different from control; one-wayANOVA followed byDunnett's post-hoc test.
470 A.R. Santiago et al. / Neurobiology of Disease 25 (2007) 464–472to dye by necrosis when intracellular ATP is depleted (McConkey,
1998). Conversely, we have found that retinal neural cells exposed to
high glucose are dying by apoptosis, confirming the results
previously found in diabetic retinas (Abu-El-Asrar et al., 2004;
Martin et al., 2004; Barber et al., 2005). High glucose increased
nuclear condensation, DNA fragmentation and the exposure of
annexin Von the outer leaflet of cell membranes, which are apoptotic
features. However, it is important to mention that long-term exposure
to high glucose did not cause a widespread neural degeneration in
retinal neural cells. The percentage of cells undergoing apoptosis was
about 10% (about 5% in control conditions). Mannitol, the osmotic
control, did not increase apoptosis, indicating that apoptosis was not
due to the increase in osmolarity.
Caspase-3 is an executioner caspase, acting downstream death
signals and other caspases activation.We did not observe an increase
in the activity of caspase-3 nor an increase in activation of other
caspases, suggesting that in these conditions the increase in cell
death was not due to caspase activation.
Usually considered a marker for caspase-dependent cell death,
the appearance of phosphatidylserine in the outer leaflet of the
plasma membrane (Martin et al., 1996) can also occur independent
of caspase activation (Andersson et al., 2000), which corroborates
our findings of increased annexin V-positive cells in high glucose-
treated cells without activation of caspases. Although caspase-
mediated apoptosis is the main form of cell death, much evidence
now shows that caspase-independent pathways are as just important
(Leist and Jaattela, 2001).Mitochondria have a key role in the control of cell death
(Kroemer and Reed, 2000). Cytochrome c release from the
mitochondria leads to caspase activation and neuronal apoptosis.
In addition, several other mediators, such as AIF and endonuclease
G, may be released from mitochondria and play a role in cell death
(Susin et al., 1999; Li et al., 2001).
AIF is synthesized as a nonapoptogenic precursor in the
cytoplasm and then imported to the mitochondrial intermembrane
space. In physiological conditions, it is present in the intermembrane
space of mitochondria, which, upon cytotoxic stimuli, can be
translocated to the nucleus, via the cytosol (Susin et al., 1999). In the
nucleus, AIF can induce large-scale (~50 kbp) DNA fragmentation
(Daugas et al., 2000). AIF translocation is independent of caspase
activation and is also able to cause the exposure of phosphatidylser-
ine on the surface of plasma membrane, as was demonstrated
previously (Susin et al., 1999).
A sustained increase in intracellular calcium concentration
([Ca2+]i) is known to cause cell dysfunction and death (Duchen,
2004). We have recently shown that calcium homeostasis is affected
in retinal neural cells incubated with high glucose (Santiago et al.,
2006a). The changes in the [Ca2+]i, induced by membrane
depolarization or by activation of ionotropic glutamate receptors,
are higher in high glucose-treated cells. We have also shown that the
recovery to basal Ca2+ levels is delayed in these cells. This [Ca2+]i
increase can induce mitochondrial membrane permeabilization,
causing the release of soluble intermembrane proteins through the
outer mitochondrial membrane. In fact, observations showing the
471A.R. Santiago et al. / Neurobiology of Disease 25 (2007) 464–472release of AIF and endonuclease G from mitochondria, associated
with the disruption of mitochondrial membrane potential, have been
published previously (Bains et al., 2003; Davies et al., 2003).
Moreover, it was already reported that conditions of altered calcium
homeostasis induce the release of AIF from the mitochondria (Braun
et al., 2002; Lemarie et al., 2004; Vindis et al., 2005).
Recently, it was reported that AIF is increased in the retina of
patients with diabetes (Abu El-Asrar et al., 2006). In this study, the
authors examined, by immunohistochemistry, postmortem eyes
from patients with diabetes and found an increase in the levels of AIF
in the inner segments of photoreceptors, in the inner one-third of the
outer plexiform layer, in cells in the inner nuclear layer, in the inner
plexiform layer, and in ganglion cells. However, this study fails to
demonstrate a translocation of AIF, which is necessary to trigger cell
death. Several studies demonstrated the role of AIF in mediating cell
death upon retinal detachment or experimental hypoxia of retinal
ganglion cells in culture (Hisatomi et al., 2001; Tezel and Yang,
2004). Here, we showed that AIF translocates from the mitochondria
to the nucleus, which may explain the increase in cell death.
In summary, we show that elevated glucose causes cell death in
retinal neural cells, supporting previous findings of neurodegenera-
tion inDR.However, cell deathwas independent of caspase activation
and may be mediated by the translocation of AIF to the nucleus.
Identifying the upstream signal that leads to AIF release is an
important goal, so as the understanding of themechanisms that cause
cell death in the diabetic retina. The fact that blocking the effect of
AIF with neutralizing antibodies decreases neuronal injury (Cregan
et al., 2002) suggests that AIF may be used as a therapeutic target.
Considering our results and those of others, neuroprotective
strategies to prevent vision loss in diabetic patients should not only
take into account the mechanisms of apoptosis mediated by
caspases but also those of caspase-independent cell death in order
to improve the ability of retinal neurons to survive.
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